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This paper reviews the current understanding of the molecular basis of the peroxisome proliferator-activated receptor- 
7 coactivator-la (PGC-la)-mediated pathway and discusses the role of PGC-la in skeletal muscle atrophy caused 
by immobilization. PGC-la is the master transcription regulator that stimulates mitochondrial biogenesis, by 
upregulating nuclear respiratory factors (NRF-1, 2) and mitochondrial transcription factor A (Tfam), which leads to 
increased mitochondrial DNA replication and gene transcription. PGC-la also regulates cellular oxidant-antioxidant 
homeostasis by stimulating the gene expression of superoxide dismutase-2 (SOD2), catalase, glutathione peroxidase 
1 (GPxl), and uncoupling protein (UCP). Recent reports from muscle-specific PGC-la overexpression underline 
the importance of PGC-la in atrophied skeletal muscle, demonstrate enhancement of the PGC-la mitochondrial 
biogenic pathway, and reduced oxidative damage. Thus, PGC-la appears to play a protective role against atrophy- 
linked skeletal muscle deterioration. 
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Introduction 

Mitochondria in skeletal muscle tissue experience 
rapid and characteristic changes as a consequence 
of manipulations of muscle use and environmental 
conditions. 1 Decreased mitochondria content and 
functional capacity are common muscle patho- 
physiological traits implicated in the development 
of mitochondrial myopathy. Skeletal muscle mito- 
chondria are dynamic organelles that play a major 
role in diverse aspects of cell biology, including 
ATP production, regulation of intracellular calcium 
homeostasis, oxidative-antioxidant balance, and 
apoptosis. 2 In the past decade, the peroxisome 
proliferator-activated receptor- 7 coactivator-la 
(PGC-la) emerged as a key transcriptional coacti- 
vator, which has provided a mechanistic insight for 
understanding how nuclear regulatory pathways 
are coupled with the biogenesis of mitochondria, 
antioxidant defense, and inflammatory response 
in skeletal muscle. These findings have a profound 
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effect on our understanding of signal transduc- 
tion pathways related to muscle function and 
provide new insight into potential new strategies 
for preventive and therapeutic measures against 
pathophysiological disorders in skeletal muscle. 

PGC-1 a and muscle physiological function 

PGC-la, a transcriptional coactivator, was first 
identified as a functional activator of the peroxi- 
some proliferator-activated receptor (PPAR)-~y in 
brown adipose tissue 3 and is known to influence 
numerous aspects of metabolism. 4,5 PGC-la has 
been identified in other mitochondria-rich tissues, 
including skeletal, muscle, and heart, as well as in 
kidney, liver, and brain. 6 PGC-la interacts with nu- 
clear receptors and transcription factors to activate 
transcription of their target genes, and its activity 
is responsive to multiple stimuli including calcium 
ion, ROS, insulin, thyroid and estrogen hormone, 
hypoxia, ATP demand, and cytokines. 7 

PGC- 1a regulation of mitochondrial 
biogenesis 

Mitochondrial biogenesis is regulated by complex 
signaling pathways in response to various stimuli. 
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Figure 1. Regulation of PGC-lct gene expression. PGC-la, peroxisome proliferator-activated receptor gamma coactivator 
1 -alpha; Tfam, mitochondria transcription factor A; MAPK, mitogen-activated protein kinase; MKK6, MAP kinase kinase: CaMK, 
calcium/cahnodulin-dependent protein kinase; CREB, cyclic AMP response element binding protein; MEF, myocyte enhancer 
factor; ATF, activating transcription factor; NRF, nuclear respiratory factor; ERR, estrogen-related receptor; XO, xanthine oxidase; 
PKC, protein kinase C. (Figure modified from Ref. 7.) 



It is a complex process that requires the synthesis, 
import, and incorporation of proteins and lipids 
to the existing mitochondrial reticulum, as well as 
replication of the mitochondrial DNA (mt DNA). 8 
PGC-la has been thought to be a master regu- 
lator of mitochondrial biogenesis by coactivating 
several transcription factors that, in turn, bind to 
the promoters of distinct sets of nuclear-encoded 
mitochondrial genes. 2 ' 9 It is known that PGC-la in- 
teracts with several nuclear transcription factors, in- 
cluding PPAR family members, nuclear respiratory 
factor (NRF)-l and NRF-2, and estrogen-related 
receptor-a (ERR-a), as well as myocyte enhancer 
factor-2 (MEF2), forkhead box protein O (FOXO) 
1, and sterol regulatory element-binding proteins 
(SREBP) 1. 10,11 For example, PGC-la coactivation 
of NRF- 1, 2 promotes the expression of numerous 
nuclear- encoded mitochondrial proteins (NEMP), 
as well as mitochondrial transcription factor A 
(Tfam), which directly stimulates mitochondrial 
DNA (mtDNA) replication and transcription 
(Fig. i). 71213 Overexpression of the PGC-la in 
cultured myoblasts and other cells induces respi- 
ratory subunit mRNAs and increases cytochrome 
c oxidase subunit 4 (COXIV) and cytochrome c 



(Cyt C) protein levels as well as the steady-state 
level of mitochondria DNA (mtDNA), 14 as an 
adaptation to facilitate increased oxygen utilization. 
In skeletal muscle, PGC-la has also been shown to 
regulate skeletal muscle fiber type switch, glucose 
transport, and lipid utilization, 15-17 as well as 
mitochondrial biogenesis and fusion. 318 

PGC- la-driven mitochondrial biogenesis is 
tissue specific and developmental stage dependent. 
Cardiac-specific overexpression of PGC-la during 
the neonatal stages leads to a dramatic increase in 
cardiac mitochondrial number and size coincident 
with upregulation of gene markers associated 
with mitochondrial biogenesis, whereas in adult 
mice there is only a modest increase in mitochon- 
drial number, associated with derangements of 
mitochondrial ultrastructure and development 
of cardiomyopathy. 19 Previously, similar adverse 
effects following PGC-la overexpression were also 
reported for the heart. Cardiac- specific overex- 
pression of PGC-la in transgenic mice resulted 
in uncontrolled mitochondrial proliferation in 
cardiac myocytes leading to loss of sarcomeric 
structure and a dilated cardiomyopathy. 20 Fur- 
thermore, an increased mitochondrial respiratory 
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capacity is intimately linked to an increased pro- 
duction of ROS that may further repress survival 
pathways, hence promoting apoptosis signal- 
ing. The increased number of mitochondria in 
PGC-la-overexpressing neurons influences the 
axonal transport of these organelles thereby 
perturbing their normal turnover. 22 

Role of PGC- 1a in antioxidant enzymes 

Recent studies have shown that PGC- la also has 
a regulatory mechanism for the expression of 
endogenous antioxidant proteins. Reduced mRNA 
levels of SOD1 (CuZn-SOD), SOD2 (Mn-SOD), 
and/or GPxl, 23 as well as SOD2 protein content, 24 ' 25 
were observed in skeletal muscle from PGC- la 
knockout (KO) mice compared to wild type (WT), 
while PGC- la overexpression mice showed an 
upregulation of SOD2 protein content in skeletal 
muscle. 26 PGC- la KO fibroblasts exhibit a decrease 
in SOD2, catalase, and GPxl mRNA content relative 
to WT fibroblasts and PGC- la KO mice were more 
vulnerable to oxidative stress. 27 In addition, PGC- 
la has been shown to regulate RNA expression 
of UCP 2 and 3 in cell culture, 28 suggesting that 
PGC-la may also increase the uncoupling capacity 
and concomitantly reduce mitochondrial ROS pro- 
duction. Furthermore, it has been also shown that 
PGC-la promotes mSIRT3 gene expression, which 
is mediated by an ER-a binding element mapped 
to the SIRT3 promoter region. 29 SIRT3 binds to, 
deacetylates, and activates mitochondrial enzymes, 
including SOD2, through a posttranslational mech- 
anism. 30,31 Taken together, PGC-la seems to have 
a role in reducing ROS damage by upregulating 
antioxidant gene expression and activity. 

Role of PGC- 1a in inflammation 

Recent observations further indicate that PGC-la 
may also play a role in antiinflammatory effects. 
Studies in PGC-la KO animals indicated that 
PGC-la modulates local or systemic inflammation 
and might regulate the expression of inflammatory 
cytokines and inflammatory markers such as 
TNF-a and IL-6. 32,33 PGC-la KO mice showed 
higher basal mRNA expression of TNF-a, IL-6 in 
skeletal muscle, as well as higher serum IL-6 levels 
than WT' In addition, PGC-la-overexpressed 
mice had lower expression of TNF-a and IL-6 
mRNA in skeletal muscle, and overexpression of 
PGC-la reduced an age-associated increase in 
TNFa and IL-6 protein content in skeletal muscle 



and reduced serum TNF-a and IL-6 levels in old 
mice compared with age-matched WT mice. 26 These 
data suggest that PGC-la has a protective role in in- 
flammatory response by reducing proinflammatory 
cytokine production. Moreover, a single exercise 
bout elicited a significant increase in skeletal muscle 
TNF-a mRNA and serum TNF-a content in PGC- 
la KO mice, but not in WT mice, 2 indicating that 
skeletal muscle PGC-la normally protects against 
exercise-induced increases in TNF-a. These findings 
suggest that the transcriptional regulation by which 
muscle cells produce these cytokines are enhanced 
by the recruitment of particular immune cells 
(polymorphoneutrophil, macrophage), which in- 
flicts an inflammatory response to the muscle stress 
and damage, whereas PGC-la usually functions 
to suppress the production of such inflammatory 
factors. 2 

Although the underlying mechanism that links 
the PGC- la-mediated anti-inflammatory effect is 
still not known, PGC- la-mediated regulation of 
the antioxidant defense can be a significant determi- 
nant as increased oxidative stress due to an impaired 
balance between ROS production and removal can 
induce an inflammatory response through acti- 
vation of the redox sensitive transcription factor, 
NF-kB. NF-kB is a ubiquitous signaling pathway 
that is involved in the pathology of inflammatory 
diseases. 34 The NF-kB pathway is activated by phos- 
phorylation, ubiquitination, and proteolysis of the 
protein inhibitory kappa B (IkB), which binds and 
retains the NF-KBp65/p50 heterodimer in the cy- 
tosol. Following an activation signal, such as TNF-a, 
inhibitory kappa B kinase (IKK) phosphorylates 
IkB, resulting in the protein's ubiquitination and 
proteasome degradation. After the destruction of 
IkB, p50, and p65 are released and enter the nu- 
cleus to affect gene transcription of various pro- 
teins involved in immune function, inflammatory 
response, and antioxidant defense. 35 

Previous research has shown that ROS induce in- 
flammatory cytokine production in skeletal mus- 
cle, 36 and the expression of mitochondrial ROS- 
detoxifying enzymes was increased by PGC-la. ' 
Downregulation of the antioxidant genes in muscle- 
specific PGC-la KO mice increased cytokine ex- 
pression. 38,39 These studies suggest that in parallel 
with increasing mitochondrial respiration PGC-la 
is a suppressor of ROS production through the 
PGC- la-mediated upregulation of antioxidant 
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enzymes, as well as UCPs that also attenuate ROS 
production by changing electron transport chain 
redox status. 28 ' 37 

Effect of exercise on PGC-1« expression 
and mitochondrial biogenesis 

Role of PGC- 1a in mitochondrial adaptation to 
exercise 

It is well known that endurance training can in- 
crease mitochondrial content and respiratory ca- 
pacity in skeletal muscle, 40 resulting in a slower rate 
of utilization of muscle glycogen and blood glu- 
cose, a greater reliance on fat oxidation, and less 
lactate accumulation during submaximal exercise. 41 
PGC- la is known to be a major regulator of 
exercise-induced phenotypic adaptation and fiber 
transformation from type 2 to type l. 4 In skeletal 
muscle, PGC- la expression is linked to muscle con- 
traction through Ca 2+ /calmodulin-dependent pro- 
tein kinase IV (CamKIV). It is known that CamKIV 
and calcineurinA are activated through calcium 
ion dynamics within the muscle in response to 
exercise. 42 The increased calcium signaling dur- 
ing muscle contraction activates several important 
transcription factors, such as cAMP-response ele- 
ment binding protein (CREB), which is a target 
of CamKIV, and myocyte enhancer factors (MEF) 
2. 43 Another factor that regulates PGC-la expres- 
sion upon exercise involves p38 MAPK, which ac- 
tivates MEF2 and activating transcription factor 2 
(ATF2). p38 MAPK, in conjunction with ATF2, re- 
sults in increased expression of PGC-la. 44 ATF2 and 
subsequent interactions of ATF2-CREB appeared to 
be an early event in PGC- la-mediated signaling 
processes. 45 p38 MAPK also stimulates PGC-la by 
phosphorylation in response to cytokine stimula- 
tion in muscle cells. 45 Finally, as a metabolic energy 
deprivation sensor, AMPK is activated by exercise 
due to increased AMP/ATP ratio and Ca 2+ flux dur- 
ing muscle contraction, enhancing PGC-la tran- 
scription as well as activity. It was demonstrated 
that activation of p38 MAPK-mediated phosphory- 
lation of subsequent CREB binding to the PGC-la 
promoter plays a key role in activating PGC-la ex- 
pression in response to increased muscle activity. 47 
Endurance exercise is known to be a powerful 
stimulus to muscle plasticity, such as a fiber-type 
switching toward more oxidative fibers. 4,43 PGC-la 
KO mice exhibit a shift from oxidative to glycolytic 
muscle fibers. Moreover, skeletal muscle-specific 
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Figure 2. Western blot analysis of PGC-la and actin protein 
contents in rat deep vastuslateralis (DVL) muscle. Data were 
expressed as the ratio of densitometric intensity of PGC- 1 a and 
actin protein bend. Exer, treadmill running for 88 minutes; ALP, 
allopurinol injection 1 and 24 h prior to exercise. "P < 0.01, 
exer or exer + ALP versus control; ++ P < 0.01, exer + ALP 
versus exer. 

PGC-la KO animals have reduced endurance ca- 
pacity and exhibit fiber damage and elevated mark- 
ers of inflammation following treadmill running. 38 
We further examined the redox-sensitive nature of 
PGC-la signaling during acute sprinting exercise 
and reported that reducing ROS generation with 
allopurinol to inhibit xanthine oxidase (XO), the 
main ROS source of this type of exercise, attenu- 
ated PGC-la expression and PGC- la-controlled 
signaling pathway and mitochondrial biogenesis 
(Fig. 2). 48 

PGC-1ol and age-associated mitochondrial 
dysfunction: effect of exercise 
Loss of skeletal muscle mass and strength during 
aging 26 and lack of exercise are thought to be signif- 
icant risk factors in developing sarcopenia. Tran- 
scriptional profiles of skeletal muscle show a de- 
crease in the expression of mitochondrial genes 
with age 50 and result in an age-related accumula- 
tion of old, damaged, or impaired mitochondria 
by the reduction of mitochondria turnover. 51 Ag- 
ing is known to alter several important mechanisms 
that may affect PGC-la expression. For example, 
ROS generation is increased in aged skeletal mus- 
cle, which activates NFkB, a negative regulator of 
PGC-la. 52 

We recently investigated whether exercise train- 
ing can ameliorate age-associated decline of PGC- 
la gene expression and mitochondrial biogenesis. 53 
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Figure 3. Aging affects of PGC-la on rat soleus muscle. Twelve 
weeks of endurance training restores PGC-la protein contents. 
Western blot detection of PGC-la normalized with actin pro- 
tein content. Each bar represents mean ± SEM (N = 3). **P < 
0.01; young (Y) versus old (O) or old training (OT), ft P < 
0.01; old (O) versus old training (OT). Three groups of Fischer 
344/BNF1 rats (young, rested (Y, four months old, N = 3); old, 
rested (0, 24 months old, N = 3) ; and old, subjected to a 1 2-week 
treadmill running at 17.5 m/min, 10% grade for 45 min/day five 
days/week (OT, 24 months old, N = 3)). 



The PGC-la mRNA level was decreased 35% in the 
soleus muscle of old rats but was restored by train- 
ing. PGC-la protein content was 80% lower in old 
rats than young rats, whereas 12 weeks of exercise 
training resulted in a 2.7-fold higher PGC-la con- 
tent in the old rats (Fig. 3). Mitochondria are im- 
portant regulators of Ca 2+ homeostasis; its function 
can be regulated by the Ca 2+ -sensitive pathway, for 
example, via CREB. Phospho-CREB (p-CREB) con- 
tent was 50% lower in old rats compared to young 
rats, but endurance training increased p-CREB con- 
tent significantly. Furthermore, CREB binding ac- 
tivity assessed by electromobility shift assay was low- 
ered in old rats, whereas its level was significantly 
increased after endurance training in old rats. 

As the mitochondrial biogenesis markers, both 
mRNA and protein contents of Tfam and Cyt. c in 
the soleus muscle were lower in the old control rats 
whereas endurance training significantly elevated 
Tfam and Cyt. c protein levels (data not shown). 

The ratio of AMP:ATP is a sensor of muscle en- 
ergy status and an increased AMP:ATP ratio can 
lead to AMPK activation and upregulation of PGC- 
la. AMPK protein contents were decreased in old 



rats and there was no effect of endurance train- 
ing on AMPK content. However, endurance train- 
ing increased p-AMPK content in old rats (data 
not shown). Thus, these data indicate that en- 
durance training can attenuate aging-associated de- 
cline in PGC- la-activated mitochondrial biogene- 
sis in skeletal muscle. 

Effect of PGC-1a overexpression on 
muscle disuse atrophy 

Pathways of skeletal muscle atrophy 

Muscle atrophy caused by prolonged immobi- 
lization (IM) appears to be a highly ordered 
and regulated process, which is characterized by 
decreased cross-sectional muscle fiber area, reduced 
force production, increased fatigability, and insulin 
resistance. 54 These alterations also include de- 
creased protein synthesis, increased oxidative stress, 
increased protein degradation, and suppression of 
biogenesis associated with mitochondrial dynam- 
ics. 55 Different signaling pathways may be involved 
in causing muscle atrophy depending on the 
upstream perturbations, such as decreased IGF1- 
AKT-FoxO signaling, inflammatory cytokines and 
NF-kB signaling, and reduced nutrition and energy 
input. During muscle IM, atrophy is associated with 
a common transcriptional profile and activation 
of the ubiquitin-proteasome pathway. Imbalance of 
ROS production and antioxidant defense resulting 
in oxidative stress plays an important role in protein 
breakdown in skeletal muscle during periods of in- 
activity. 56 New evidence suggests that mitochondria 
may be an important source of ROS production 
in inactive muscle. 57 A downregulation of PGC-la 
was observed in muscle atrophy of different models 
and thought to be a major molecular mechanism 
for enhanced FoxO phosphorylation, NF-kB activa- 
tion, and protein loss. 58 Indeed, PGC-la KO mice 
displayed higher basal expression of TNF-a and IL-6 
than WT. 38,59 Conversely, transgenic mice with 
PGC-la overexpression have been shown to have a 
decreased inflammatory cytokine production and 
protein degradation due to denervation. ' 

Protective role of PGC- 1a in disuse atrophy 

Previous studies suggest that PGC-la has a pro- 
tective role against protein catabolism and mus- 
cle wasting in a variety of contexts. For instance, 
denervation-induced muscle atrophy and the ef- 
fects of Duchenne's muscular dystrophy are greatly 
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Figure 4. Effect of PGC-la overexpression on mitochondria content and function in mice atrophied muscles. Mitochondria DNA 
content (mtDNA/nDNA) and ATP production rate (MAPR) were determined in the FVB/N mice TA (tibialis anterior) muscles. 
Data are mean + SEM. *P < 0.05 IM-RM versus control; "P < 0.01 IM-RM versus control; +P < 0.05 PGC-la versus GFP. 
IM-RM, 14 days immobilization plus 5-day remobilization. 



ameliorated when the amount of PGC-la is main- 
tained at normal levels or increased. 58,60 However, 
adverse effect of PGC-la on disuse atrophy seems to 
occur on fast type muscle fibers. It has been reported 
that overexpression of PGC-la in mouse skeletal 
muscle increased uncoupled oxidative phosphory- 
lation and caused muscle atrophy following ATP 
depletion in fast fiber type (type lib). 61 Conversely, 
activation of the PGC- la pathway in postnatal dys- 
trophic (mdx) mice, induced expression of proteins 
associated with slow fiber type, which are more re- 
sistant to contraction-induced damage. 62 

Inactivity-induced deficit of PGC-la in skeletal 
muscle results in a chronic systemic inflammatory 
state, which has serious pathological consequences. 
Interestingly, restoration of muscle movement (RM) 
resulted in an initial increase in ROS generation, 
proinflammatory cytokine expression, and oxida- 
tive stress, which all prevent muscle recovery and 
prolongs functional impairment of performance. 63 
Using a mouse hind limb IM followed by RM 
model, we have recently found that overexpression 
of PGC-la via local electroporation and transfec- 
tion increased mitochondrial biogenesis and ATP 
production, lowered inflammatory cytokine TNF- 
a and IL-6 expression, and reduced NF-kB ac- 
tivation in response to IM-RM. These improve- 
ments were accompanied by less ROS generation 
and oxidative stress, and elevated SOD2 activity. As 
Figure 4 shows, PGC-la-overexpressed mice had 
significantly higher mitochondrial (mt)DNA con- 
tent and ATP production compared to their empty 
vesicle injected controls after a 19-day IM-RM 
regimen. 



Conclusion 

Although it has only been over a decade since 
PGC-la was first discovered, this versatile and mas- 
ter transcriptional regulator has receive tremen- 
dous attention among scientists from many differ- 
ent fields. Undoubtedly, PGC-la plays a critical role 
in maintaining muscle metabolic function and con- 
trols numerous genes that affect a broad range of 
muscle morphology and physiological function. In- 
activity and aging are two important negative fac- 
tors that downregulate PGC-la gene expression 
and subsequent downregulation of mitochondrial 
biogenesis. Physical exercise, among other physi- 
ological stimulators, can activate PGC-la expres- 
sion through several signal transduction pathways. 
This adaptation may explain a majority of previ- 
ously reported endurance training effects on muscle. 
Thus, overexpression of PGC-la level in muscle via 
nonexercise means may be an attractive alternative 
to restore and promote muscle metabolic function 
under the situation when normal physical activity is 
impossible. 

Conflicts of interest 

The authors declare no conflicts of interest. 

References 

1. Hoppeler, H. & M. Fluck. 2003. Plasticity of skeletal muscle 
mitochondria: structure and function. Med. Sci. Sports Exer. 
35: 95-104. 

2. Handschin, C. & B.M. Spiegelman. 2008. The role of exercise 
and PGClct in inflammation and chronic disease. Nature 
454: 463-469. 



Ann. N.Y. Acad. Sci. 1271 (2012) 110-117 ©2012 New York Academy of Sciences 



115 



Protective role of PGC-1« in skeletal muscle 



Kang & Li Ji 



3. Puigserver, P., Z.Wu, C.W.Park, eta/. 1998. A cold-inducible 
coactivator of nuclear receptors linked to adaptive thermo- 
genesis. Cell 92: 829-839. 

4. Lin, J., H. Wu & P.T. Tarr. 2002. Transcriptional co-activator 
PGC-la drives the formation of slow-twitch muscle fibres. 
Nature 418: 797-801. 

5. Wu, Z., P. Puigserver, U. Andersson, etal. 1999. Mechanisms 
controlling mitochondrial biogenesis and function through 
the thermogeniccoactivator PGC-1. Cell9S: 115-124. 

6. Finck, B.N. & D.P. Kelly. 2006. PGC- 1 coactivators: inducible 
regulators of energy metabolism in health and disease. /. 
Clin. Invest. 116:615-622. 

7. Puigserver, P. & B.M. Spiegelman. 2003. Peroxisome 
proliferators-activated receptor gamma coactivator la 
(PGC-la): transcriptional coactivator and metabolic reg- 
ulator. Endocr. Rev. 24: 78-90. 

8. Mootha, V. K. etal. 2003. PGC-la-responsive genes involved 
in oxidative phosphorylation are coordinately downregu- 
lated in human diabetes. Nature Genet. 34: 267-273. 

9. Scarpulla, R.C. 2008. Transcriptional paradigms in mam- 
malian mitochondrial biogenesis and function. Physiol. Rev. 
88:611-638. 

10. Knutti, D. & A. Kralli. 2001. PGC-1, a versatile coactivator. 
Trends Endocrinol. Metab. 12: 360-365. 

11. Russell, A.P. 2005. PGC-la and exercise: important partners 
in combating insulin resistance. Curr. Diabetes Rev. 1: 175— 
184. 

12. Kelly, D.P. & R.C. Scarpulla. 2007. Transcriptional regulatory 
circuits controlling mitochondrial biogenesis and function. 
Genes Dev. 18: 357-368. 

13. Lin, J., C. Handschin & B.M. Spiegelman. 2005. Metabolic 
control through the PGC- 1 family of transcription coacti- 
vators. Cell Metabol. 1: 361-370. 

14. Wu, Z., P. Puigserver, U. Andersson, et al. 1999. Mecha- 
nisms controlling mitochondrial biogenesis and respiration 
through the thermogeniccoactivator PGC-1. Cell 98: 115- 
124. 

15. Lin, J., H. Wu & P.T. Tarr. 2002. Transcriptional co-activator 
PGC-la drives the formation of slow-twitch muscle fibres. 
Nature 418: 797-801. 

16. Michael, L.E, Z. Wu & R.B. Cheatham. 2001. Restoration 
of insulin-sensitive glucose transporter (GLUT4) gene ex- 
pression in muscle cells by the transcriptional coactivator 
PGC-1. Proc. Natl. Acad. Sci. USA 98: 3820-3825. 

17. Jagoe, R.T. & A.L. Goldberg. 2001. What do we really 
know about the ubiquitin — proteasome pathway in mus- 
cle atrophy? Curr. Opin. Clin. Nutr. Metab. Care 4: 183— 
190. 

18. Schreiber, S.N., R. Emter & M.B. Hock. 2004. The estrogen- 
related receptor a (ERRa) functions in PPARccoactivator 
la (PGC-la)-induced mitochondrial biogenesis. Proc. Natl. 
Acad. Sci. USA 101: 6472-6477. 

19. Russell, L.K., CM. Mansfield, J.J. Lehman, et al. 2004. 
Cardiac-specific induction of the transcriptional coactivator 
peroxisome proliferator-activated receptor y coactivator- 
la promotes mitochondrial biogenesis and reversible car- 
diomyopathy in a developmental stagre-dependent manner. 
Circ. Res. 94: 525-533. 

20. Lehman, J.J., P.M. Barger, A. Kovacs, et al. 2000. Perox- 
isome proliferator-activated receptor y coactivator- 1 pro- 



motes cardiac mitochondrial biogenesis. /. Clin. Invest. 106: 
847-856. 

21. Lindholm, D., O. Eriksson, J. Makela, et al. 2012. PGC-la: 
a master gene that is hard to master. Cell Mol. life Sci. 69: 
2465-2468. 

22. Wareski, P., A. Vaarmann, V. Choubey, et al. 2009. PGC-la 
and PGC- 1(3 regulate mitochondrial density in neurons. /. 
Biol. Chem. 284: 21379-21385. 

23. Leick, L., I. J.E Wojtaszewsk & S.T. Johansen. 2008. PGC-la 
is not mandatory for exercise- and training-induced adaptive 
gene responses in mouse skeletal muscle. Am. /. Physiol. 294: 
E463-E474. 

24. Ceng, T, P. Li & M. Okutsu. 2010. PGC-la plays a functional 
role in exercise-induced mitochondrial biogenesis and an- 
giogenesis but not fiber-type transformation in mouse skele- 
tal muscle. Am. }. Physiol. Cell Physiol. 298: 572-579. 

25. Leick, L., S.S. Lyngby, J.E Wojtasewski & H. Pilegaard. 2010. 
PGC-la is required for training-induced prevention of age- 
associated decline in mitochondrial enzymes in mouse skele- 
tal muscle. Exp. Gerontol. 45: 336-342. 

26. Wenz, T., S. Rossi & R.L. Rotundo. 2009. Increased muscle 
PGC-la expression protects from sarcopenia and metabolic 
disease during aging. PNAS 106: 20405-20410. 

27. St-Pierre, J., S. Drori St M. Uldry. 2006. Suppression of re- 
active oxygen species and neurodegeneration by the PGC-1 
transcriptional coactivators. Cell 127: 397-408. 

28. St-Pierre, J., J. Lin & S. Krauss. 2003. Bioenergetic analysis 
of peroxisome proliferator-activated receptor gamma coac- 
tivators lalpha and lbeta (PGC-lalpha and PGC-lbeta) in 
muscle cells. /. Biol. Chem. 278: 26597-26603. 

29. Kong, X., R. Wang, Y. Xue, et al. 2010. Sirtuin 3, a new target 
of PGC-la, plays an important role in the suppression of 
ROS and mitochondrial biogenesis. PLoS One 5: el 1707. 

30. Shi, T., F. Wang, E. Stieren & Q. Tong. 2005. SIRT3, a mito- 
chondrial sirtuindeacetylase, regulates mitochondrial func- 
tion and thermogenesis in brown adipocytes. /. Biol. Chem. 
280: 13560el3567. 

31. Bellizzi, D. et al. 2005. A novel VNTR enhancer within the 
SIRT3 gene, a human homologue of SIR2, is associated with 
survival at oldest ages. Genomics 85: 258e263. 

32. Arnold, A.S., A. Egger & C. Handschin. 2010. PGC-la and 
myokines in the aging muscle — a mini-review. Gerontology 
57: 37-43. 

33. Handschin, C. 2009. Peroxisome proliferator-activated 
receptor--/ coactivator-la in muscle links metabolism to 
inflammation. Clin. Exp. Pharmacol. Physiol. 36: 1139-1143. 

34. Van der Heiden, K., S. Cuhlmann, le A. Luong, et al. 2010. 
Role of nuclear factor kappaB in cardiovascular health and 
disease. Clin. Sci. 118: 593-605. 

35. Baldwin, AS. Jr. 1996. The NF-kappa B and I kappa B pro- 
teins: new discoveries and insights. Annu. Rev. Immunol. 14: 
649-683. 

36. Ji, L.L. 2008. Modulation of skeletal muscle antioxidant de- 
fense by exercise: role of redox signaling. Free Radic. Biol. 
Med. 44: 142-152. 

37. Valle, I. et al. 2005. PGC-la regulates the mitochondrial an- 
tioxidant defense system in vascular endothelial cells. Car- 
diovasc. Res. 66: 562-573. 

38. Handschin, C, S. Chin, P. Li, et al. 2007. Skeletal muscle 
fiber-type switching, exercise intolerance, and myopathy in 



116 



Ann. N.Y. Acad. Sci. 1271 (2012) 110-117 © 2012 New York Academy of Sciences. 



Kang & Li Ji 



Protective role of PGC-1a in skeletal muscle 



PGC-la muscle-specific knock-out animals. /. Biol. Chetn. 
282: 30014-30021. 

39. Wellen, K.E. & G.S. Hotamisligil. 2005. Inflammation, stress, 
and diabetes./. Clin. Invest. 115: 1111-1119. 

40. Holloszy, J.O. 1967. Biochemical adaptations in muscle. Ef- 
fects of exercise on mitochondrial oxygen uptake and respi- 
ratory enzyme activity in skeletal muscle. /■ Biol. Chem. 242: 
2278-2282. 

41. Holloszy, J.O. & E.E Coyle. 1984. Adaptations of skeletal 
muscle to endurance exercise and their metabolic conse- 
quences. /. Appl. Physiol. 56: 831-838. 

42. Baar, K., A.R. Wende, T.E. Jones, et al. 2002. Adaptations of 
skeletal muscle to exercise: rapid increase in the transcrip- 
tional coactivator PGC-1. FASEB ]. 16: 1879-1886. 

43. Handschin, C. 2010. Regulation of skeletal muscle cell plas- 
ticity by the peroxisome prolifera tor- activated receptor y 
coactivator la. /. Recep. Signal Trail. 30: 376-384. 

44. Cao, W., K.W. Daniel & J. Robidoux, et al. 2004. p38 
Mitogen-activated protein kinase is the central regulator of 
cyclic AMP-dependent transcription of the brown fat un- 
coupling protein 1 gene. Mol. Cell Biol. 24: 3057-3067. 

45. Vercauteren, K„ R.A. Pasko, N. Gleyzer, etal. 2006. PGC-1- 
related coactivator: immediate early expression and charac- 
terization of a CREB/NRF- 1 binding domain associated with 
cytochrome c promoter occupancy and respiratory growth. 
Mol. Cell Biol. 26: 7409-7419. 

46. Puigserver, P., J. Rhee, J. Lin, etal. 200 1 . Cytokine stimulation 
of energy expenditure through p38 MAP kinase activation 
of PPARgamma coactivator- 1. Mol. Cell 8: 971-982. 

47. Akimoto, T., S.C. Pohnert, P. Li, et al. 2005. Exercise stimu- 
lates Pgc- la transcription in skeletal muscle through activa- 
tion of the p38 MAPK pathway. /. Biol. Chem. 280: 19587- 
19593. 

48. Kang, C., K.M. O'Moore, J.R. Dickman & L.L. Ji. 2009. Exer- 
cise activation of muscle peroxisome proliferator-activated 
receptor- 7 coactivator- la signaling is redox sensitive. Free 
Radio. Biol. Med. 47: 1394-1400. 

49. Abate, M., Iorio A. Di, Renzo D. Di, et al. 2007. Frailty in 
the elderly: the physical dimension. Eura. Medicophys. 43: 
407-415. 

50. Melov, S., M.A. Tarnopolsky, K. Beckman, etal. 2007. Resis- 
tance exercise reverses aging in human skeletal muscle. PLoS 
One 2: e465. 

51. Terman, A., B. Gustafsson & U.T. Brunk. 2006. Mitochon- 
drial damage and intralysosomal degradation in cellular ag- 
ing. Mol. Aspects Med. 27: 471-482. 



52. Alvarez-Guardia, D., X. Palomer, T. Coll, etal. 2010. The p65 
subunit of NF-kB binds to PGC-la, linking inflammation 
and metabolic disturbances in cardiac cells. Cardiovasc. Res. 
87: 449-458. 

53. Kang, C, E. Chung, G. Diffee & L.L. Ji. 2009. Exercise train- 
ing attenuates aging-associated reduction in mitochondrial 
biogenesis in rat skeletal muscle. Med. Sci. Sports Exer. 41: 
S44. 

54. Kandarian, S.C. & R.W. Jackman. 2006. Intracellular signal- 
ing during skeletal muscle atrophy. Muscle Nerve 33: 155- 
165. 

55. Jankala, LL, V.R Harjola, N.E. Petersen & M. Harkonen. 
1997. Myosin heavy chain mRNA transform to faster iso- 
forms in immobilized skeletal muscle: a quantitative PCR 
study. J. Appl. Physiol. 82: 977-982. 

56. Li, Y.P., Y. Chen, A.S. Li & M.B. Reid. 2003. Hydrogen per- 
oxide stimulates ubiquitin-conjugating activity and expres- 
sion of genes for specific E2 and E3 proteins in skeletal 
muscle myotubes. Am. ]. Physiol. Cell Physiol. 285: C806- 
C812. 

57. Kavazis, A.N., E.E. Talbert, A.J. Smuder, et al. 2009. Me- 
chanical ventilation induces diaphragmatic mitochondrial 
dysfunction and increased oxidant production. Free Radio. 
Biol. Med. 46: 842-850. 

58. Sandri, M„ J. Lin & C. Handschin. 2006. PGC-la protects 
skeletal muscle from atrophy by suppressing Fox03 action 
and atrophy-specific gene transcription. PNAS 44: 16260- 
16265. 

59. Handschin, C, Y.M. Kobayashi, S. Chin, et al. 2007. PGC- 
1 alpha regulates the neuromuscular junction program and 
ameliorates Duchenne muscular dystrophy. Genes Dev. 21: 
770-783. 

60. Hanai, J.I. et al. 2007. The muscle-specific ubiquitin ligase 
atrogin-l/MAFbx mediates statin-induced muscle toxicity. 
/. Clin. Invest. 117: 3940-3951. 

61. Miura, S., E. Tomitsuka, Y. Kamei, et al. 2006. Overex- 
pression of peroxisome proliferator-activated receptor y co- 
activator- la leads to muscle atrophy with depletion of ATP. 
AJP 169: 1129-1139. 

62. Selsby, J.T., K.J. Morine, K. Pendrak, et al. 2012. Rescue 
of dystrophic skeletal muscle by PGC-la involves a fast 
to slow fiber type shift in the mdx mouse. PLoS One 7: 
e30063. 

63. Kang, C, CA. Goodman, TA. Hornberger & L.L. Ji. 2012. 
PGC-la enhances skeletal muscle recovery from disuse at- 
rophy. Med. Sci. Sports Exer. 44: S50 1 . 



Ann. N.Y. Acad. Sci. 1271 (2012) 110-117 ©2012 New York Academy of Sciences 



117 



